The exhaustive research over the past four decades has focused on the natural growth of the mandibular condyle and growth changes during the use of different orthopedic appliances on experimental animals. Cartilage growth is partly genetically determined but is strongly influenced by epigenetic factors. The latter includes systemic factors and local factors, such as growth factors and mechanical stimuli. Growth factors and cytokines are local mediators which are rapidly degraded or inactivated. They can be secreted in response to mechanical and inflammatory stimuli.
INTRODUCTION
Functioning of the masticatory and breathing apparatus and harmony of the face are significantly influenced by the size and shape of the lower jaw. The mandibular condyle plays a significant role in the development of the orofacial complex, and has therefore received special attention in orthodontics. Impaired growth of the condyle contributes to the development of mandibular asymmetries, like hemifacial microsomia and retrognathia. During mandibular development, the cartilage of the mandibular condyle provides endochondral bone growth, and functions as a regional adaptive growth site. 1 The cartilage of the mandibular condyle is often referred to as secondary, while the main type of cartilage is called primary. 2 Secondary cartilages appear later in embryonic development and are independent of the chondroskeleton. 3 They appear at the margins of membranous bones during prenatal and early postnatal development, and are generally transient in nature. In contrast, the secondary cartilage of the mandibular condyle develops partly into permanent articular cartilage. Primary and secondary cartilages differ in histological organization, biochemical composition and metabolism. 4, 5 In addition, the function of growth factors in the two cartilages seems to be different. [6] [7] [8] Cartilage growth is partly genetically determined but is strongly influenced by epigenetic factors. The latter includes systemic factors and local factors, such as growth factors and mechanical stimuli. Major systemic factors are hormones and vitamins. Growth hormone, for example, has been shown to stimulate growth of the mandibular condyle while estrogen reduces it. 9, 10 Growth factors and cytokines are local mediators which are rapidly degraded or inactivated. They can be secreted in response to mechanical and inflammatory stimuli. In general, the binding of a growth factor to its receptor activates a signal transduction pathway in the target cell. This leads to the activation of nuclear transcription factors that regulate cell proliferation and the expression of differentiation products. 11 Growth factors are a large family of polypeptide molecules that regulate cell division in many tissues by autocrine or paracrine mechanisms. Depending on what receptors are activated, growth factors can initiate mitogenic, antiproliferative or trophic effects, that is growth factors act as positive or negative modulators of cell proliferation. Therefore, growth factors do not only play an important role in embryonic development and adult tissue homeostasis but also in pathological situations, like infection, wound healing and tumorigenesis. Consequently, the applications of growth factors have therapeutic applications. Several growth factors play an important role in the proliferation and differentiation of cells in 10.5005/jp-journals-10021-1010 the mandibular condyle. An overview of the growth factors and other molecules involved in the development of mandible are dealt within this review.
Vascular Endothelial Growth Factor
Vascular endothelial growth factor (VEGF) is a 44 kDa protein that stimulates the proliferation and migration of vascular endothelial cells, and thereby induces the formation of blood vessels. 12 VEGF is expressed by hypertrophied chondrocytes in the growth plate and attracts blood vessels, which allows endochondral ossification. Also in the mandibular condyle of rats, expression of VEGF and its receptor Flt-1 increases markedly in the hypertrophic and mineralized zones as well as in some adjacent vascular structures. 13, 14 Unloading of the condyle by mandibular advancement induced the expression of VEGF in the rat, and subsequent neovascularization and bone formation. 15 In contrast, VEGF expression in the rat condyle also increased in response to hard food as compared to soft food. 16 These data suggest a function of VEGF in bone formation during growth, and adaptation to mechanical loading (Fig. 1) .
The Role of Angiogenesis in Condylar Growth
Vascular invasion is prerequisite for bone formation. 17 Osteogenesis, which is the formation of the new bone, and angiogenesis, which is the invasion of new blood vessels, are closely related processes. 18 Vascularization is a crucial event in endochondral ossification and hence mandibular condyle growth. 13, 20 Blumer et al investigated that the growth of cartilage canals into the secondary ossification center was improved by VEGF. 20 Thus, VEGF-dependent new blood vessel recruitment is essential for coupling cartilage resorption and mineralized bone formation during the process of endochondral ossification in bone development. 21, 22 Blood vessel invasion of cartilage, which is normally avascular, is the first crucial step in this process. From cartilage to bone, angiogenesis leads the way. 23 Moreover, VEGF is a potent and selective endothelial cell mitogen and chemoattractant cytokine [24] [25] [26] that can stimulate vascular endothelial cells to secrete growth factors and cytokines. These substances can guide the differentiation of mesenchymal cells by making them enter the osteogenic pathway and further engage in osteogenesis. 
Insulin-like Growth Factor
The insulin-like growth factors (IGFs) or somatomedins are a family of low molecular weight peptides with a mass of about 7.5 kDa. 28 IGFs resemble insulin both in their structure and effects. The two main types, IGF-I and IGF-II, are composed of 70 and 67 amino acids respectively. IGFs are synthesized by many cell types and may function both as local and systemic regulators, especially in bone and cartilage. 29 IGFs regulate cartilage growth and differentiation, and participate in the control of cartilage homeostasis (Fig. 2) . In the orofacial area, the IGF system is involved in the growth and development of teeth, mandible, maxilla and tongue. 30 Exogenous IGF-I stimulates matrix synthesis and proliferation in cultured chondrocytes and whole condyles. 31, 32 Injection of IGF-I into the mandibular joint cavity of rats increased bone formation in juvenile rats (3 weeks) but not in mature rats (12 weeks). 33 Unloading of the rat condyle by mandibular advancement or a lateral functional shift induces increased expression of both 1GF-I and IGF-II. 34 These results indicate that increased IGF expression mediates the growth response in the mandibular condyle under reduced loading.
Fibroblast Growth Factor
The fibroblast growth factors (FGFs) represent a family of nearly 20 heparin-binding proteins, which are widely distributed throughout the body. FGF-1 and FGF-2, the main forms, both have a molecular mass of 17 kDa. 35 FGFs play major roles during skeletal development and postnatal osteogenesis. FGF-2 is one of the angiogenic factors produced by hypertrophied chondrocytes. 36 FGF-2 is also expressed in the proliferating and chondroblast layers of the adult rat's mandibular condyle. 37 FGF receptor expression is superficial in neonatal rat condyles but seems to extend deeper into the tissue at later ages. 32 Exogenous FGF-2 stimulates proliferation in neonatal condyles in vitro, and reduces the production of extracellular matrix. 7, 38 The terminal differentiation of chondrocytes is also inhibited leading to reduced bone formation. 8, 39 As for IGF-I, the expression of FGF-2 in the rat mandibular condyle appears to increase by unloading 40 (see Fig. 2 ). The FGF receptors (FGFRs) represent a family of four tyrosine kinase receptors (FGFR 1-4) that bind FGFs with variable affinity. 41 FGF 1, 2, 4, 8, 9 and particularly 18, which is produced by the perichondrium, bind and activate FGFR3 with high affinity. FGFR3 is expressed both in the round proliferating chondrocytes and in the columnar proliferating chondrocytes. The importance of FGF signal in skeletal development was first revealed with the discovery that a point mutation in the transmembrane domain of FGFR3 was involved in the etiology of achondroplasia. 41 Since this discovery, the etiology of many other human skeletal dysplasias has been attributed to specific mutations in the gene encoding FGFR3. These disorders include dwarfing chondrodysplasia syndromes known as achondroplasia, hypochondroplasia, thanatophoric dysplasia and severe achondroplasia with developmental delay.
Transforming Growth Factor
The TGFs are a family of 25 kDa dimeric proteins. 42 There are at least five TGF-βs exerting their biological effects by binding to specific cell surface receptors. In most cell types, two high affinity transmembrane kinase receptors are found, the type I (TGF-βR1) and the type II (TGF-βRII) receptor. 43 The formation of a heterodimer complex of both receptors is indispensable for signal transduction.
All three TGF-β isoforms and their receptors are expressed at sites of endochondral ossification in growing human bone, 44 in articular cartilage, and in the growth plate. 45 Although several studies indicate a stimulatory effect of TGF-β on chondrocyte proliferation and matrix production in vitro, others report an inhibitory effect. 46, 47 The specific effects seem to depend on factors like concentration, culture period and the differentiation state of the cells. 48 In general, TGF-β 1 is a potent inhibitor of chondrocyte maturation and hypertrophy, and reduces alkaline phosphatase activity. [49] [50] [51] TGF-β 1 is strongly expressed in the mature and hypertrophic layers of the mandibular condyle. 52 In neonatal rat mandibular condyles, TGF-β 1 slightly increases proliferation and glycosaminoglycan synthesis, while chondrocyte hypertrophy and mineralization were reduced. 7 In articular chondrocytes, cyclic mechanical strain and fluid shear stress seem to stimulate proliferation and inhibit terminal differentiation through a TGF-β 1 dependent mechanism 53, 54 The related factor bone morphogenetic protein-3 also seems to be involved in mechanical signaling and cartilage induction.
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Parathyroid Hormone-related Protein and Indian Hedgehog
Two signaling molecules, parathyroid hormone-related peptide (PTHrP) and Indian hedgehog (Ihh), regulate chondrocyte proliferation and differentiation in the growth plate. 56 PTHrP is structurally homologous to parathyroid hormone and binds to the shared PTH/PTHrP receptor. This receptor is localized on cells in the transition zone between the proliferative and the hypertrophied zone. 57, 58 PTHrP prevents the hypertrophy of mature chondrocytes. 59 The expression of PTHrP by the perichondrium is dependent on Indian hedgehog (Ihh), a protein from the hedgehog family that is secreted by mature chondrocytes. Ihh stimulates chondrocyte proliferation and, through PTHrP, blocks hypertrophy and ossification. 56, 60 The Ihh/PTHrP feedback loop has been proposed to control endochondral ossification during embryonic development and postnatal growth. 61 Moreover, Ihh is involved in the early development of the temperomandibular joint and in condylar growth. 62 In addition, Ihh is described as a mediator of chondrocyte proliferation induced by mechanical stimuli. 63 In the mandibular condyle, Ihh and PTHrP seem to have a similar role in endochondral ossification and mechanotransduction. 64, 65 Unloading of the mandibular condyle by mandibular advancement increased the expression of both factors, which induces growth by stimulation of proliferation (Ihh) and reduction of terminal differentiation (PTHrP) (Fig. 3) . 
JAYPEE
Ihh is the mechanotransduction mediator in the mandibular condylar cartilage that senses mechanical strain and converts it into growth 65 and was shown to be the most dynamic mechanoresponsive factor expressed in chondrocytes. 63 PTHrP, a member of the parathyroid hormone (PTH) family, is a key factor regulating chondrocyte differentiation and the pace of endochondral ossification. PTHrP expression was detected at the intersection of the proliferative and chondroblast layer of the rat mandibular condyle. 66 Ihh is needed for normal chondrocyte proliferation and for the establishment of characteristic columns of proliferating chondrocytes in the cartilage growth plate. 67 It positively regulates PTHrP during endochondral bone formation, 68 and activates it 69 to inhibit the conversion of proliferating and prehypertrophic chondrocytes into hypertrophic chondrocytes. During endochondral bone development, Ihh is synthesized by chondrocytes leaving the proliferative pool (prehypertrophic chondrocytes) and by early hypertrophic chondrocytes. A feedback loop is hypothesized to regulate the interaction between Ihh and PTHrP. PTHrP, secreted from perichondral cells and chondrocytes, acts on its receptor on proliferating chondrocytes to keep them proliferating and, thereby, to delay the production of Ihh. When the source of PTHrP production is sufficiently far away, and chondrocytes are no longer sufficiently stimulated by PTHrP, they stop proliferating and synthesize Ihh. Ihh can then stimulate the production of PTHrP at the ends of bone. 70 PTHrP, being expressed in the proliferative chondrocytes but not in hypertrophic cells, would thus positively regulate proliferation and negatively regulates chondrocyte hypertrophy.
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Transcription Factors
Growth factor binding, mechanical stimuli and other stress factors in chondrocytes result in changes in gene expression mediated by nuclear transcription factors of several families. Three members of the Sox family and Runx2 play essential roles in chondrocyte differentiation in the growth plate. 11, 73 Sox9 is required for chondrocyte proliferation, while L-Soxs and Sox6 are required for chondrocyte differentiation. Runx2 induces chondrocyte hypertrophy but is also involved in the embryonic initiation of condylar development.
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Sox9 Transcription Factor and Type II Collagen
Sox9 is a transcription factor that belongs to a family of sox proteins that are crucial for many developmental processes. It is upregulated by parathyroid hormone-related peptide (PTHrP) 75 and is critical in the control of the differentiation of the mesenchymal cells into chondrocytes and was found to reach a high level at all sites where cartilage was being laid down and is mostly abundant in mesenchymal condensation just before chondrocyte differentiation. 76 Sox9 also regulates chondrocytes to synthesize type II collagen in condylar cartilage 64 (see Fig. 3 ). 
Type X Collagen
After maturation, the chondrocytes progress toward hypertrophy and secrete type X collagen which indicates the termination of chondrogenesis and onset of endochondral ossification. 77 Type X collagen is the matrix for the hypertrophic cartilage destined for endochondral ossification, 78 and is easily resorbed when compared with type II collagen. 79 It also may act as a calciumbinding protein, thus facilitating the calcification of the hypertrophied cartilage matrix. 80 
Core Binding Factor Alpha 1
Cbfal/Runx2 is an osteoblast-specific transcription factor crucial for osteoblast differentiation and function. 81 It is expressed in osteoblasts, prechondrogenic mesenchymal condensations and hypertrophic chondrocytes. It also regulates chondrocyte hypertrophy, cartilage matrix calcification, osteoblasts differentiation and osteoclasts function during endochondral ossification in the rat mandibular condyle 82 (see Fig. 3 ).
Platelet-derived Growth Factors
The platelet-derived growth factors (PDGFs) are dimeric polypeptides with a molecular mass of 30 KDa. PGDFs bind to type α and β transmembrane surface receptors and are potent mitogens for connective tissue cells. 83 PGDFs further play an important role in wound healing and in fracture healing. In vitro, all three isomers of PDGFs have been found to stimulate chondrocyte differentiation in the growth plate. 84 Moreover, PDGFs also stimulate cell proliferation in the mandibular condyle in vitro, and their receptor is present during postnatal growth.
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Connective Tissue Growth Factor
The connective tissue growth factor (CTGF) was described as multifunctional growth factor for chondrocytes, osteoblasts and vascular endothelial cells. 87 In the growth plate, CTGF is expressed mainly by hypertrophied chondrocytes and it stimulates the proliferation, maturation and hypertrophy of isolated growth plate chondrocytes. In the mandibular condyle it is also expressed in proliferating chondrocytes. 88 
Cytokines
The main families of cytokines are the interleukins (ILs), the tumor necrosis factor (TNFs), the interferons and the colony stimulating factors (CSFs). These small proteins affect the behavior of a wide range of cell types and regulate inflammatory and immune responses. Interleukin 1 (IL-1) and tumor necrosis factor α (TNFα) activate catabolic pathways in cartilage, whereas IL-4, IL-10 and IL-13 antagonize their effects. 89, 90 IL-1 reduces matrix production, diminishes chondrocyte proliferation and stimulates chondrocytes to release proteases responsible for cartilage degradation, such as matrix metalloproteinases (MMPs). 91 These enzymes degrade the collagen fibrils and dissociate the aggrecan-hyaluronan complex.
PCNA, D-type Cyclins, Wnt Family
PCNA (proliferating cell nuclear antigen) functions as a DNA sliding clamp for DNA polymerase delta and is an essential component for eukaryotic chromosomal DNA replication. PCNA has, therefore, been used as a marker for cell proliferation. 92 PCNA localizes in the nuclei of chondroblasts of the reserve cell layer and the upper hypertrophic layer. In condylar cartilage, the percentage of PCNA-positive cells is significantly higher when there is an increase in chondrocyte mitosis. 93 Recent studies revealed that PCNA is able to interact with multiple partners involved in DNA repair, DNA methylation and chromatin assembly, and the proteins involved in cell-cycle regulation may also exhibit PCNA-binding activity. 92 Cell-cycle activation is coordinated by D-type cyclins which are rate-limiting and essential for progression through the G1 phase of the cell cycle. As a member of the retinoblastoma family, D-type cyclins exhibit complementary expression patterns that correlate with the distinct proliferation and differentiation states of chondrocytes. 94 D-type cyclins bind to and activate the cyclin-dependent kinases Cdk4 and Cdk6, which subsequently activate the expression of S-phase genes, thereby inducing cell-cycle progression. 95 Recently, members of the Wnt family of secreted signaling molecules have been implicated in regulating chondrocyte differentiation. 96 In vitro studies showed that Wnt1 and Wnt7a caused a severe block in chondrogenesis, and that the block to differentiation was at the late blastema/early chondroblast stage. 97 Wnt4 blocks the initiation of chondrogenesis and accelerates terminal chondrocyte differentiation in vitro.
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Wnt7a induces dedifferentiation of articular chondrocytes by stimulating transcriptional activity of beta-catenin. 99 
Bone Morphogenetic Protein (BMP)
Both BMP-2 and 4 appear to play regulatory roles in the process of endochondral ossification due to their involvement in cellular proliferation. 100 It has been recently shown that the chondrogenic activity of BMP-2 in vitro involves the action of the cell-cell adhesion protein, N-cadherin, which functionally complexes with beta-catenin. 101 BMP-2-induced chondrogenesis, in contrast, is significantly inhibited by Wnt signaling, indicating an antagonizm between Wnts and BMP-2 during mesenchymal condensation.
DISTINCTIVE ASPECTS OF CONDYLAR CARTILAGE OVER EPIPHYSEAL AND OTHER ARTICULAR CARTILAGES
The biological characteristics of articular chondrocytes differ markedly from those of epiphyseal chondrocytes of the longbone growth plate. Articular chondrocytes are present throughout postnatal life and remain unchanged in their morphological and biosynthetic features. 102 In contrast, the epiphyseal chondrocytes persist only through growth in puberty, and undergo profound phenotypic changes as they participate in the process of endochondral ossification. 103 Condylar cartilage, which belongs to articular cartilage but exhibits many distinguishing biological features, is present throughout postnatal life but, unlike other articular cartilages, undergoes adaptive changes in response to external stimuli. 104 The mechanisms that regulate these diverse developmental programs in articular and growth-plate chondrocytes remain to be elucidated. Some investigators, however, have attempted to determine whether the phenotypic changes occurring during endochondral ossification are genetically predetermined or are under microenvironmental control. [105] [106] [107] It has been claimed that chondrocytes possess the intrinsic potential to express traits associated with endochondral ossification, and that the active expression of these traits is controlled by microenvironmental cues. 108, 109 Articular cartilage other than condylar cartilage is present throughout postnatal life and does not undergo endochondral ossification, indicating that its intrinsic potential for endochondral ossification is restrained.
Condylar Cartilage as Secondary Cartilage
There are some important reasons to define condylar cartilage as secondary cartilage: 1. In prenatal development, most other synovial joints have already been formed before the temporomandibular joint. 110, 111 The delayed occurrence of condylar cartilage was confirmed by immunolocalization of types II and X collagen in the fetal mouse mandible, where the immunoreactions were not positive until day 15 of pregnancy. 112 The new articulation between the temporal bone and the mandible is therefore indicated as secondary, in contrast to primary joints formed earlier.
2. Subsequent to all other true primary cartilages that form within the mesenchymal blastema of what will be the future mandible, new cartilage formation begins as a secondary event in four regions: The condylar process, the coronoid process, the symphysis, and the gonial area. The latter three disappear around birth. Condylar secondary cartilage, however, remains for the rest of our lives. Probably due to articular functioning, cartilage is induced and maintained within the membranous components of the condylar process of the mandible 113 3. Being late in ontogenetic development, the new cartilage develops within a mesenchymal blastema. Primary cartilages are covered by a thin perichondrium. Secondary cartilage, in contrast, is covered by a fully developed mesenchymal tissue layer. The mesenchymal covering of the condyle is responsible for a fundamental characteristic of the condylar cartilage. There are mesenchymal cells first, and these cells differentiate into cartilage only as a secondary event. 114, 5 4. The term 'secondary cartilage' may also apply to the characteristic response of the condyle during growth. Primary epiphyseal cartilage reacts during development, primarily to systemic growth stimuli such as hormones. In contrast, condylar cartilage only secondarily follows these overall stimuli after additional modulation by local growth factors.
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Mode of Growth of Secondary Condylar Cartilage
Secondary condylar cartilage growth starts with the mesenchymal tissue covering the prenatal or postnatal condyle. It consists of a thin layer of undifferentiated cells directly overlying the cartilage of the condyle. Under the developmental conditions, the mesenchymal cells split themselves into even smaller new cells. Shortly thereafter, these new cells will attain full size, resulting in the migration, some of them out of the covering membrane in the direction interior of the condyle. 104, 116 When the mesenchymal cells migrate into the cartilage differentiation takes place, during which the mesenchymal cell becomes an immature cartilage cell. The new members of the cartilage family have, therefore, been added without the mitosis of existing cartilage progenitor cells, but through mitosis of undifferentiated mesenchymal cells. The mode of growth by which new cells are added from the exterior is appositional growth.
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Adaptive Remodeling of Mandible
Both condylar cartilage and other articular cartilages are present throughout postnatal life. Articular cartilage is a permanent tissue whose cells do not take part in endochondral ossification. This lends credence to the fact that articular cartilage is not adaptive to the changes or stimuli exerted on it. Condylar cartilage, in contrast, has a special multidirectional capacity for growth and remodeling, and therefore is adaptive to mechanical or positional changes by altering or regenerating chondrogenesis and subsequently by endochondral ossification. 118 It is agreed that the most intriguing biological aspect of condylar cartilage that differs from other synovial or epiphyseal cartilage lies in its ability to remodel in response to the changes in condylar repositioning, articular functioning, and mechanical loading. [119] [120] [121] Condylar remodeling has also been considered to be an important factor influencing mandibular morphology during or after natural growth. Numerous studies have revealed that mandibular advancement with the use of bitejumping orthodontic functional appliances enhances condylar growth, indicating an important role of condylar adaptation in reshaping the morphology of the mandible, even beyond natural growth.
Condylar remodeling is observed in the postnatal growth period as well as after growth has ceased. Experiments on growing rats have revealed that maturation of chondrocytes is accelerated and that endochondral ossification is subsequently enhanced when the condyle is positioned forward. 122 The repositioning of the mandibular condyle in adult rats, in contrast, led to reactivation of chondrogenesis in condylar cartilage which otherwise is at resting status, and finally results in increased bone formation. 
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DISCUSSION
The identification of growth factors that play key roles in tissue growth has generated much enthusiasm and numerous clinical trials, but the results of many of these trials have been largely disappointing. Interestingly, the trials that have shown benefit all contain a common denominator, the presence of a material carrier, suggesting strongly that spatiotemporal control over the location and bioactivity of factors after introduction into the body is crucial to achieve tangible therapeutic effect. Sophisticated materials systems that regulate the biological presentation of growth factors represent an attractive new generation of therapeutic agents for the treatment. Growth in the adult often represents a recapitulation of developmental processes, and strives to maintain and/or restore tissue integrity and functionality. Inspiration for these medicine strategies commonly derive from our increasing understanding of how cells and biological systems decipher cues, and aims to replicate biological concepts and instructions expressed during embryonic development, including signal transduction pathways, transcription factor instructions and protein regulation. Growth factors are critical signaling molecules that instruct cells during development, and one may achieve tissue regeneration in the adult by enabling control over growth factor delivery. The majority of work carried out to date has been done with animal models and it is unclear how well much of this work will translate to the use of human recombinant growth factors in human patients. In a broader perspective, further advances in the field will rely on multidisciplinary approaches that combine medicine, chemistry, engineering and pathology to develop effective strategies to treat complex wounds and pathologies.
CONCLUSION
Condylar growth is regulated by a host of orchestrated influences of various growth factors and other regulatory factors that are endogenously expressed in the condyles.The plethora of research has led to the identification of several growth factors that play a crucial and vital role in development of mandible. In a recent study, Rabie et al successfully established an effective in vivo gene delivery system with recombinant adeno-associated virus-mediated-vascular endothelial growth factor to enhance mandibular condylar growth. Mandibular condylar cartilage has been of much interest in many studies, due to its integral role in mandibular growth and, more importantly, to its involvement in condylar remodeling in adaptation to orthodontic bitejumping therapy. The growth factors critical to condylar growth provide us with candidate genes for future gene therapy. A sound understanding and holistic view of these growth factors and their levels of expression provides the basis for application of new clinical procedures other than functional appliance therapy in the area of growth modification.
